Abstract -Highly refined X-ray structures (R-factors = 0.15) of the liganded forms of the L-arabinose-binding protein at 1.7 A resolution and the D-galactose-binding protein at 1.9 A resolution have revealed the following features of the atomic interactions between proteins and saccharides: 1) hydrogen bonds are the main factors in conferring specificity and affinity to protein-carbohydrate interactions; 2) all the polar groups (hydroxyls and ring oxygens) of the monopyranoside substrates (L-arabinose and Dglucose) are involved in extensive hydrogen bonding; 3) three types of hydrogen bonds are formed -'cooperative' hydrogen bonds, bidentate hydrogen bonds and hydrogen networks; 3) the hydrogen bonds are generally strong and exhibit favorable geometries; 5 ) the sugar binding sites are almost completely populated by residues with planar polar side chains with at least two functional groups capable of engaging in all three types of hydrogen bonds; 6 ) carboxylate side chains are espeically important in binding anomers and particular epimers; 7) numerous van der Waals contacts are formed, involving all the atoms of the bound saccharides; 8 ) one or two aromatic residues stack on the sugar ring; 9) the bound monopyranoside substrates have the normal 4C, full chair conformation; 10) sugar binding induces protein conformational change; and 11) these features and other factors modulate the stability of proteincarbohydrate complexes. These findings lay the foundation for a thorough and highly detailed understanding of the interactions between proteins and sugars, includm& those in polysaccharides, glycoproteins, DNA, etc.
INTRODUCTION
In living cells, carbohydrates are the central source for mechanical work and chemical reactions. They are also assembled into polysaccharides for use as fuel storage and structural elements, and are constituents of cofactors (e.g., ATP, NADPH, etc.), glycoproteins and polynucleotides. Thus, carbohydrates play key roles in a wide range of biological processes. As many of these processes require the interactions of proteins with saccharides, a molecular understanding of the features and factors associated with these interactions is of prime importance.
Since this article comes on the heels of two other recent reviews from our laboratory (refs. 1, 2), we provide a succinct, but still comprehensive, summary of the major molecular features and factors associated with protein-carbohydrate interactions and also highlight recent crystallographic data. In this review, as well as in the two previous ones, we are mainly concerned with uncharged sugar substrates.
The first two reviews were based primarily on results of X-ray crystallographic studies, especially the 1.7 A resolution highly refined X-ray structure of the complex of L-arabinose-binding protein with its sugar substrate (ref. 3) . This complex has proven to contain essentially all of the molecular features associated with proteincarbohydrate interactions, thereby laying the foundation for understanding these interactions and serving as a benchmark for analysis of other complexes. This knowledge has been solidified by the recent results of the extensive refinement of the 1.9 A resolution crystal structure of the D-galactose-binding protein with bound D- glucose, also an excellent substrate ( Fig, 1; ref. 4) . Moreover, a much clearer picture of the mode of binding of oligosaccharides is beginning to emerge as the structure of the maltose-binding protein, which was determined at 2.3 A resolution (T'ABLE I), is being rehed crystallographically (unpublished data, J. C. Spurlimo & F. A. Quiocho) .
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These atomic structures show: 1) that hydrogen bonds are major determinants of specificity and affinity in protein-carbohydrate interactions; 2) that these hydrogen bonds are generally strong and almost always exhibit optimal geometries; 3) that three types of hydrogen bonds are formed -'cooperative' hydrogen bonds, bidentate hydrogen bonds and hydrogen networks; 4) that many of the residues in the carbohydrate-binding sites have planar polar side chains with at least two functional groups capable of engaging in all three types of hydrogen bonds; 5 ) that a carboxylate side chain is also responsible in binding anomers or particular epimers; 6) that van der Waals forces also contribute significantly to saccharide affinity and specificity; 7) that aromatic residues stack on the sugar ring; 8) that the bound monopyranoside substrates have the normal 4C, full chair conformation; and 9) that many factors contribute to the stability of protein-carbohydrate complexes. These features are further discussed, with the aid of Figs. 2 to 5 which depict many of these features. To complement our X-ray structure analysis and to gain an understanding of other aspects of sugar binding, we have undertaken a number of other studies of periplasmic sugar-binding proteins in solution. Sugar-induced protein conformational change was assessed by low-angle X-ray scattering measurements (ref. 5 ) and by ligand binding studies (ref. 7) , kinetics of sugar binding were analyzed using stopped-flow rapid-mixing technique (refs. 6,7) , and thermodynamics of complex formation were determined by calorimekic technique (ref. 8 ).
The L-arabinose-binding protein (ABP)', D-galactose-binding protein (GBP)', and D-maltose-binding protein (MBP)' are members of a large group of proteins located in the periplasmic space of gram-negative bacteria. All these monomeric proteins serve as essential components of osmotic-shock-sensitive active transport systems for a variety of carbohydrates, amino acids and ions. Moreover, many of the sugar-binding proteins act as *Abbreviations used ABP, L-arabinose-binding protein; GBP, D-galactose-binding protein, MBP, Dmaltose-binding protein initial receptors in the simple behavioral response of bacterial chemotaxis. Nutrient transport and sugar chemotaxis also require distinct components residing in the cytoplasmic membrane. The interaction between a binding protein and the corresponding membrane-bound proteins initiates nutrient translocation or flagellar motion. Because of the variety of interactions that periplasmic binding proteins must undertake (with diverse small molecule nutrients, with membrane-bound transport components, and with transmembrane chemotactic components), these proteins are a gold mine for studies of protein structures and interactions with both large and small ligands (for example, see Fig. 1 ).
In addition to the L-arabinose-and D-galactose-binding protein, we have also determined and refined the X-ray structures of the sulfate-binding protein and the leucine/isoleucine/valine-binding protein (refs. 9, 10; unpublished data). The structures of all these monomeric proteins are very similar in spite of the lack of significant sequence homology. They are ellipsoidal (axial ratio of 2:1), being composed of two distinct but similar globular domains which are connected by three separate peptide segments (for example, the structure of GBP shown in Fig. 1 ). Although the two domains of these proteins are each composed of segments from both the aminoand carboxyl-tefininal halves of the protein, they have similar supersecondary structure, consisting of a central core of a P-pleated sheet sandwiched by at least a pair of parallel a-helices. Remarkably, while the three separate peptide segments connecting the two domains are widely separated in the amino acid sequence, they are proximal in the tertiary structure and form the base or 'boundary' of the deep cleft between the two domains. The sugar substrate is bound in the cleft and completely engulfed.
Structural studies of the sulfate-and leucine/isoleucine/valine-binding proteins have also led to a greater understanding of electrostatic interactions in protein structures and binding of charged substrates such as sulfate and phosphate dianion and leucine zwitterion (refs. 9, 10. 11, 12) . A novel calcium-binding site has also been uncovered (refs. 11, 13) . The ability of MBP to bind larger oligoglucoses, both linear and cyclic (TABLE l), provides an unusual opportunity to look at not only the mode of binding but also the conformations of these polysaccharides, many of which we uncrystallizable themselves. What is unique about the geometry of the ligand site of MBP which permits binding of linear and cylic oligosaccharides?
The binding of sugar substrates to the various sugar-binding proteins is both a rapid and high affinity process (refs. 1, 7; 11) . The association rate constant is a measure of the minimum response time for chemotaxis, and the dissociation rate defines the maximum possible velocity for the corresponding transport systems. The ratio of the association and release rates (viz., the affinity) determines the sensitivity of the two physiological functions.
HYDROGEN BONDS
Both the ABP-arabinose and GBP-glucose complexes have set a record for the largest number of hydrogen bonds formed as the result of the binding of monopyranoside substrates (for comparisons, see ref. 1). Indeed, all the polar groups of the bound monopyranosides are involved in the formation of hydrogen bond ten in the ABP-arabinose complex and twelve in the GBP-glucose complex (Figs. 2,4 ).
Hydrogen bonds play three major roles in protein-carbohydrate interactions: they provide stability, confer specificity and control dynamics. These roles are not too surprising for the following general reasons: 1) hydrogen bonds are stable enough to significantly contribute the requisite ligand-binding affinity (stability) but are of sufficiently low strength to allow rapid ligand dissociation (dynamics), features especially important for proteins involved in active transport; 2) compared to the non-directional van der Waals forces, hydrogen bonds are highly directional, which is important in specificity; and 3) in regards to the substrates, hydroxyl groups of carbohydrates not only participate heavily in these bonds but also constitute the major functional groups of carbohydrates, which are stereospecific and highly exposed. The importance of a hydroxyl group is also related to its ability to engage in three hydrogen bonds -as a donor of one hydrogen bond and an acceptor of two through the sp3 lone pairs. Moreover, as a donor, a hydroxyl group has the added advantage of having rotational freedom about the H-C-GH torsion angle, thus enabling it to attain the most linear hydrogen bond possible with an acceptor group.
It is perhaps surprising that hydrogen bonds in the various binding protein-sugar complexes take on three forms Remarkably, essentially all of the cooperative hydrogen bonds seen thus far in our studies can be depicted simply as:
where OH is a sugar hydroxyl, NH and 0 are hydrogen bond donor and acceptor groups, respectively, of residues in the the binding site, and n = 1 or 2.
The hydroxyl groups at positions 2, 3, and 4 of L-arabinose bound to ABP and at all positions of D-glucose bound to GBP are involved in cooperative hydrogen bonds. (Note that it is also possible for OH1 of Larabinose to accept a hydrogen bond, as described below).
BIDENTATE HYDROGEN BONDS
When two adjacent hydroxyls of a 4C1 pyranoside each interact with a different atom of the same planar polar side chain residue, they form bidentate hydrogen bonds (Figs. 2 and 4 ). Bidentate hydrogen bonds have geometrical requirements as evidenced by the following findings. The bidentate hydrogen bonds found thus far are formed when adjacent pairs of hydroxyls are both equatorial (e.g., OH1 and OH2 pair and OH2 and OH3 pair of D-ghcose. with D-glucose's OH6 (oriented with x5 or torsion angle C4-C5-C6-06 of 177O), can also participate in bidentate hydrogen bonding. In all four cases, the distance between the pair of sugar oxygen atoms is about 2.8 A,
ideal for bidentate hydrogen bonding with the planar side chains. An adjacent pair of axial hydroxyls of a is less likely to form bidentate hydrogen bonds because the hydroxyls are much more separated (3.6 and pointing in opposite directions. It is noteworthy that in both complexes, the hydrogen bonds for which the sugar hydroxyls serve as donors are generally shorter -implying stronger bonds -than the ones for which they serve as acceptor groups (refs. 3 and 4).
Many of the cooperative hydrogen bonds depicted in Scheme 1 have geometries that are close to ideal (see Figs.
2 and 4). For example, the OH3 of L-arabinose and the OH1 and OH3 of D-glucose are fully coordinated (n = 2 in Scheme 1) in an arrangement which is essentially tetrahedral, including the sugar C-0 bond.
In several cases, where n = 1, the geometry is also very favorable. For instance, the atoms C4 and 04 of the Larabinose, Arg 151 Nq2, and Asn 232 061 are coplanar (Fig. 2) . Additionally, since the hydrogen bond donated to or by OH4 is oriented so as to bisect both lone pairs of electrons (in their predicted locations) on either acceptor group (the pairs on the sugar hydroxyl or the sp2 pairs on the 0 6 1 of Asn 232), it is likely that both lone pairs share in accepting the proton donor. The same conclusion is drawn from the analysis of the hydrogenbonding system involving OH-2 of L-arabinose ( Fig. 2 ) and OH2 and OH6 ofD-glucose (Fig. 4) .
The hydrogen-bonding geometries involving the sugar-ring oxygens are also highly regular. Since the sugar ring oxygen of L-arabinose accepts two hydrogen bonds in an almost tetrahedral coordination, each of the lone pair of electrons on the sugar ring oxygen is directed at a hydrogen bond donor group (Fig. 2) . On the other hand, both lone pairs of electrons on the 0 5 of D-glucose share approximately equally in accepting the donatable proton of Asn 91 N62H (Fig. 4) .
POLAR PLANAR SIDE CHAINS IN SUGAR BINDING SITES
Since side-chain residues with polar planar groups -Asn, Asp, Glu, Gln, Arg, and His -are the only ones participating in all three forms of hydrogen bonding, they are abundant in sugar-binding sites (Figs. 2 to 5; see also ref. 1). Indeed, these residues, with the exception of Lys 10 in ABP, are the only ones used in hydrogen bonding. In contrast to the sugar hydroxyl groups, all the hydrogen-bond-donating groups of the planar residues are fixed or do not have freedom of torsional rotation. Therefore, the final geomefq of the binding site greatly depends on the final folded protein and any attendant ligand-induced conformational change which brings these residues to their correct orientation.
Although Lys 10 of ABP is the only residue in the sugar-binding sites of ABP and GBP that is not polar and planar, like the rest, it is engaged in multiple interactions crucial to ligand binding. Its ammonium side chain is in an excellent position to donate a hydrogen bond to 0-2, to fix via a salt-link the alignment of Asp 90 which in turn hydrogen-bonds the anomeric hydroxyls, and to make van der Wads contact or a weak hydrogen bond with each of the anomeric hydroxyls (Figs. 2) .
BINDING OF SUGAR ANOMERS A N D EPIMERS
As indicated in The key to ABP's ability to recognize both anomers of L-arabinose, while using the same essential residues in hydrogen bonding, is the precise alignment of the 061 of Asp 90, which enables this atom to accept a hydrogen bond from either the a (equatorial) or p (axial) anomeric hydroxyl (see Figs. 2 and 3 ). Even though ABP binds either anomeric form, the orientations of all of the essential residues remain unchanged and the hydrogen bonds to both anomers show essentially the same parameters (ref. Whereas the abilities of ABP and GBP to bind both anomers largely depend on one oxygen atom of an Asp residue for accepting a proton from either anomeric hydroxyl, GBP's ability to bind the D-galactose and its 4 e p h e r D-glucose require two different oxygen atoms of the same carboxylate side chain. As shown in Fig. 4 , the equa- The mechanism for recognition of epimers and anomers is relevant to understanding the binding properties of other proteins. For instance, it is known that several of the enzymes of glucose metabolism, such as hexokinase, glucokinase. glucose-6-phosphatase, can also act on both anomeric forms of their respective sugar substrates.
V A N DER WAALS FORCES
Dispersion forces also contribute significantly to protein-carbohydrate interactions. The well-refined structures of the ABP-arabinose and GBP-glucose complexes has enabled us to more clearly identify and describe some aspects of these interactions. All the heavy atoms of the L-arabinose bound to ABP and D-glucose bound to GBP make van der Waals contacts with protein atoms (maximum contact distance of 4 81) -about 54 contacts in the ABP-arabinose complex and about 60 in the GBP-glucose complex (refs. 1, 3) . As is the case with the hydrogen bonds, these many contacts are unusual, given that the sugars are only monopyranosides. This number of contacts is the consequence of the numerous hydrogen-bonding interactions, enabling many more of the other atoms of the polar residues to come within van der Waals distance of the bound sugar substrates, and the complete enclosure of the sugar substrate within the binding site.
STACKING BETWEEN SUGAR AND AROMATIC RESIDUES
Unexpectedly and remarkably, some of the van der Wads contacts in the two complexes are brought on by stacking of one or both sides of the monopyanoside ring with aromatic residues (Figs. 2 and 4) . The discovery of these stacking interactions further reveals another unusual facet of protein-sugar interactions.
In the descriptions of the stacking interactions which follows, we have adopted the suggestion by Rose er af.
(ref. 14) of a simple a/@-face convention for identifying or distinguishing the two faces or sides of ring compounds. In this paper this concerns the faces of the pyranose ring of the more common and biochemically important 4C, conformation and the indole ring of tryptophan.
Whereas only the @-face of the L-arabinopyranoside bound to ABP is stacked with the p-face of Trp 16 ( Fig. 2) , both faces of D-glucopyranoside bound in GBP are stacked -the a-face with Phe 16, located in one domain, and the p-face with the a-face of Trp 183. situated in the other domain (Fig. 4) . It is important to emphasize that the complete pairing of all polar groups of the residues and sugar substrates in the solvent-inaccessible cleft enables the stacking interactions to occur.
The locations of the aromatic residues are consistent with the presence of hydrophobic patches especially in pyranosides. However, the sizes of these patches represent -in terms of accessible area -a small portion compared to the total m a occupied by the polar hydroxyl groups, varying according to the orientations of the hydroxyls relative to the sugar ring. For instance, D-ghcose has a hydrophobic patch on the p-face composed of C3, C5 and C6 and a minor patch on the a-face composed of C2 and C4. On the other hand, Garabinose has a hydrophobic patch, consisting of C3, C4 and C5, located on the p-face.
The aromatic residues further confer specificity to the site by disallowing binding of particular sugar epimers through steric hindrance and/or an unfavorable non-polar environment ( refs. 1, 3,4) . The lack of binding of these epimers could be also attributed to the absence of hydrogen-bonding residues at the right orientations.
SUGAR CONFORMATION
Figs. 2 and 4 clearly show that both the protein-bound monopyranosides have the normal 4C, full chair conformation. In our crystallographic refinements, this conformation of the sugars fitted the electron density extremely well; there is no obvious distortion of the conformation It is also important to note that the binding site regions of ABP and GBP, with the bound substrates, have exceptionally well-resolved electron density and highly acarate molecular structure. These regions are also some of the least mobile regions of the protein molecules, due in part to the complex formation. In spite of the very extensive atomic interactions through an unusually large number of highly optimized hydrogen bonds and van der Waals contacts, the stacking interactions, and the high packing efficiency in the substrate-occupied binding sites, it appears that the ring structure of the bound monopyranosides is not easily distorted.
The C4-C5-C6-06 of the D-glucose bound to GBP has a x5 torsion angle (177O) which places the OH6 hydroxyl away from the equatorial OH4. However, this position is still not close enough to hydrogen-bond to the sugar ring oxygen. This orientation of the -CH,OH of the bound Pglucose conforms more with those observed in sugar crystal structures rather than with NMR data which show hydrogen bonding of the OH6 with the ring oxygen.
FACTORS T H A T M O D U L A T E PROTEIN-CARBOHYDRATE AFFINITIES
Hydrogen bonds make a considerable contribution to the absolute energy or stability of pteh-carbhydrate interactions, modulated by several factors (refs. 1.4): 1) number, 2) type (neutral-neutral or neutral-charged), 3) distance and angle, 4) 'cooperativity', 5 ) geometry, 7) networking, 8) solvent accessibility or dielectric constant, and 9) ligand-induced protein conformational change. As is clearly evident in the X-ray structures of the complexes of both ABP and GBP with sugars, not only are all these factors contributing to the stability of these complexes, but many are achieved optimally. Figs. 2 to 5 are probably among the best in portraying how an extensive and precise complementarity between proteins and sugars is achieved through hydrogen bonding.
All the hydrogen-bonding groups of the pyranoside substrates are used, resulting in an unusually large number of hydrogen bonds which are almost equally distributed between neutral-neutral and neutral-charged types. The means of the hydrogen bond distances and angles indicate strong bonds. The large number of strong hydrogen bonds mitigates any need for aqueous solvation.
Essentially all the sugar hydroxyls are involved in cooperative hydrogen bondings, which are remarkably simple (Scheme l), and which exhibit nearly optimal geometries. Cooperative hydrogen bonding enhances charge &localization and thus effectively strengthens hydrogen bonds. The There is pairing of all functional groups of the binding-site polar residues and total involvement of every one of the potential hydrogen bond donor groups of these residues and of the sugars as well, giving rise to extensive networks of hydrogen bonds and to precisely and stably oriented ligand-binding site residues. Remarkably, the hydrogen-bonding schemes shown in Figs. 3 and 4 , including the mows indicating the directions of the hydrogen bonds, are completely dictated by the tertiary structures of the complexes, and leave no ambiguity.
A sugar-induced conformational change brigs the binding site residues, polar and non-polar together, located in both lobes of the bilobate binding proteins, to their correct orientations for binding. As a further comequmcc, the bound sugar substrates and all of the groups directly associated with sugar binding are buried deep in the cleft and are rendered inaccessible to the bulk solvent, The conformational change is described as a bending motion about a hinge between the two domains (refs. 5, 10, 17). Kinetic studies indicate that the conformational change is not the rate-limiting step in complex formation (rers. 6, 7). These studies portray the periplasmic binding proteins as 'Pac-mans', but with the condition that closure of the cleft is preceded by the ligand binding first to one domain (ref. 10).
Complete enclosing of the sugar-occupied binding site has several consequences favorable to the stability of protein-sugar complexes. Water molecules hydrogen-bonded to the polar groups of both the sugar and the binding site residues are released to the bulk solvent, thus resulting in a favorable positive entropic contribution of hydrophilic origin to the free energy of the complex (further discussed below). The lower dielectric constant, relative to the bulk solvent, within the solventexcluding cleft hosting the sugar is likely to strengthen hydrogen bonds and van der Waals contacts.
Also, in order to achieve a tightly bound ligand in totally enclosed binding sites, such as the ones of ABP and GBP, the hydrogen bonding capabilities of polar groups of the ligand and residues must be satisfied and the efficiency of hydrogen bonds and van der Waals contacts optimized as much as possible. In such an environment, an unpaired polar group would lead to weaker complex; as much as 4 kcal/mol loss of free energy has been estimated for an unpaired buried polar. It is also unlikely that buried groups with the capability to donate and accept a proton (e.g., hydroxyl groups of sugars and of side chain residues) would serve solely as a hydrogen bond acceptor, thus leaving free the 'active' or donatable proton.
Dispersion forces also provide stability to protein-sugar complexes. Owing to the extensive hydrogen bonding and the complete enclosure of the sugars in the binding sites of the L-arabinose-and D-galactose-binding proteins, there is an unusually large number of van der Waals contacts and a high packing efficiency between protein and sugar atoms. Consequently, the contribution of these forces in the overall stability of the complexes is also significant.
In light of the above expost?, it is not surprising that the binding of a variety of substrates (from monopyranosides to oligosaccharides) to periplasmic sugar-binding proteins results in some of the tightest known proteincarbohydrate complexes (Table 1; refs. 1, 6, 7). It should also be underscored that many of the factors which contribute to the affinity between proteins and saccharides are nonexistent or less effective in the interactions between water molecules and sugars in aqueous solution. Therefore, the formation of hydrogen bonds leads to a considerable net contribution to the absolute stability of protein-sugar interactions, despite the compensatory displacements of water of hydration of the substrate and the binding site residues.
VARIATIONS O N THE THEME AND OTHER RELATED MATTERS

Sugar-binding sites in other proteins and enzymes
Undoubtedly, the features and factors (or combinations thereof) described above also govern all other proteinsugar interactions. Indeed, many of these features are present in other structures of complexes of proteins or enzymes with carbohydrates, although these complexes have not been analyzed at very high resolutions and/or refined as well as those of the periplasmic binding proteins (ref. 1).
There are, however, conditions that would cause variations of these features or factors in other complexes. 1) The number of hydrogen bonds and van der Waals contacts could be fewer. 2) More water molecules may be hydrogen-bonded to the bound saccharide. 3) Cooperative, bidentate, and networks of hydrogen bonds are likely to be less numerous. 4) It may very well be that n = 0 in Scheme 1, i.e., the sugar hydroxyl may be solely a proton donor. However, it would be rather unlikely, for the reasons discussed above, for a buried sugar hydroxyl to be a proton acceptor without at the same time being a proton donor, either to a protein group or ordered water molecules. And 5), the dielectric constant of the site could be higher. These variations could very well all occur in a sugar-binding site close to the surface of the protein, with the bound substrate partially accessible to the solvent.
The NH groups of side chains need not always be the ones donating H bonds to sugar hydroxyls (see Scheme 1); indeed, in a few instances, donors have been found to be OH groups of serine, threonine, tyrosine, or water and NH groups of peptide units and tryptophan residues (ref. 1). However, these residues are incapable of participating in bidentate hydrogen bonding and less able to further engage in extensive networks of hydrogen bonds.
Aliphatic residues could very well be adjacent to the hydrophobic patches of sugars, thus achieving a somewhat similar effect as the stacking interactions between aromatic residues and faces of pyranosides as shown in Figs.  2 and 4 . Indeed, the methyl group of a methionine residue is close to the e-face of the L-arabinose (unpublished data. N. K. Vyas & F. A. Quiocho) . whereas the p-face, with a larger hydrophobic patch than the one on the CLface, is stacked with a Trp residue (Fig. 2) .
A l l of the above variations or modifications are likely to create low-af6nity protein-carbohydr.te complexes. As already indicated above, the exposed polar groups of the free sugar and of the binding-site residues in the uncomplexed protein will have hydrogen-bonded water molecules. These constrained water molecules may be wholly or almost totally expelled to the bulk solvent on formation of the hydrogen bonds and van der Waals contacts between these groups in the protein-substrate complex, thus providing a significant favorable hydrophilic contribution.
In addition, non-polar groups of the carbohydrate substrates have at their interface more locally organized water structures. There is a disordering of the water structures at these interfaces when the non-polar groups come into proximity and engage in van der Wads interactions with protein atoms, resulting in favorable hydrophobic contribution.
The contribution of hydrophobic effects is proportional to accessible areas (ref. 21).
Since non-polar areas usually constitute a smaller proportion of the total solvent accessible areas of saccharides and since sugar-binding sites are lined by many polar residues, hydrophobic effects make less contribution to the free energy change of protein-sugar complexes. Especially in simple sugars, the hydroxyls and ring oxygen are highly exposed, constituting better than 70% of the accessible area of the sugar in the free state (refs. 23). The fact that saccharides are very soluble in water attests to the highly polar nature of these ligands.
Complex formation through hydrogen bonds and van der Wads contacts is further accompanied by an unfavorable (negative) entropic term from loss in translational and rotational motions.
The net contribution of entropic effects to the overall stability of protein-sugar complexes is difficult to pin down (see ref ). This conclusion is based on the understanding that hydrogen bonds are more highly directional as compared to dispersion forces, and also have electrostatic properties which could assist in short range attraction of a polar substrate. It is worth indicating that the hydroxyl groups are also the most accessible and highly staeospeci6c functional groups of saccharides.
Figs. 2 to 5 show the extensive and precise hydrogen bonding between proteins and sugars. As we have furthu discovered, hydrogen-bonding interactions provide the only means whereby the periplrsmic binding prOteinr arc able, in a simple but precise way, to bind both anomeric sugars and specific epimers (see above). It is inconceivable how hydrophobic or non-polar interactions could play a role in these subtle binding specificities. As a very simple view, the essence of Fischer's 'lock and key' view of protein-substrate interactions, enunciated 104 years ago, remains essentially intact (ref. 26) . However, in light of the knowledge that has accumulated in the past two decades, this view, which was based coincidentally on studies of the selectivity of a cextain 'carbohydrase' toward certain glucosides, has taken an infinitely clearer dehition. Through X-ray crystallographic analysis, we are now able to actually 'see' the atomic interactions between proteins and ligands. Moreover, the 'induced fit' model proposed by ) has emerged as a more general and appropriate description of protein-ligand interactions in some proteins and enzymes. While conveying some elements of the 'lock and key', many aspects of the complexes between the periplasmic sugar-binding proteins and their substrates are more consistent with the 'induced fit' idea. In these complexes, there is exact complementarity between a monopyranoside and the binding site (which is the essence of a lock and key), despite the involvement of essential residues poised in both domains and the requirement for a large ligandinduced conformational change in order to bring these residues simultaneously to their correct positions for maximum interaction (the essence of induced fit) and in order to sequester and dehydrate the substrate and many of the residues in the cleft between the two domains.
There has also been several studies which relied heavily on the use of synthetic analogues of oligosaccharides and glycoconjugates as probes of sugar-binding sites and the features associated with ligand binding (e.g., see refs. 23,28,29) . Some conclusions and ideas have emerged from these studies (for examples, see ref. 24 ). The long-standing idea of anomeric effect (ref. 24) has contributed considerably to understanding the properties of sugars and of enzyme catalyzed reactions (e.g., phosphorylase activity).
Some of these ideas, having neglected to to take into m u n t the wealth of data on protein structures and func- There is also little, if any, validity to the idea of 'hydrated polar group gate effect' in the formation of proteincarbohydrate complex and the implication that 'oligosaccharides may play roles as biological messengers through the provision of a specific driving force for the organization of a protein into a specific conformation' (ref. 24 ). (The 'gate effect' is to be contrasted with the 'induced fit model', which has received considerable evidence and support from a variety of studies on different protein or enzyme systems.) There is just simply no polar gate (meaning, a distinct separate site on the protein which is totally polar) to be unlocked by the key (the saccharide substrate) through interactions solely between polar groups, nor completely distinct hydrophobic site or sites to be finally drawn (via a conformational change) to the nonpolar part of the initially bound saccharide. (Also sugars are not known to be factors or to assist in protein folding.) Structural studies, such as those of the periplasmic sugar-binding proteins, show that both polar and non-polar residues participate simultaneously in binding of amphipathic carbohydrates. Morever, each type of residues is not completely segregated or grouped into one or several discrete segments along the polypeptide chain. Thus, in disagreement with the gate effect, there is no possibility for each type of groups of residues to interact with the same type of the sugar, through conformational rearrangments, in a sequential order -polar interactions first, followed finally by a succession of interactions involving each separate groups of non-polar residues. Indeed, what is typical of ligand-binding sites is that the polar and non-polar residues conhed in these sites are not close together in the sequence nor completely segregated from each other in the folded protein (e.g., see Figs. 2 
to 5).
In the periplasmic sugar-binding protein, these residues are concentrated in both domains, near the interface of the cleft and poised for binding. Two types of interactions occur in protein-DNA complex: base sequence-dependent or specific and non-specific interactions. Hydrogen bonding is an important factor in both interactions and in contributing the requisite affinity of the complex. Specific interaction is accomplished by hydrogen-bonding and stacking interactions between residues and specific bases.
In both specific and non-specific types of interactions, hydrogen bonding through the sugar and phosphate moieties is the common mode of interaction between polynucleotides and proteins. An important inherent feature of this mode of interaction is that it does not necessarily depend on any structural motifs (e.g., 'helixloop-helix', 'zinc fingers', etc.) of the DNA binding proteins. Hydrogen bonding with the polynucleotide backbone's sugar and phosphate groups could very well also play a major role in non-specific binding. The hydrogen bonds with the sugar groups will undoubtedly have features similar to those described in this paper. Furthermore, we have also described the major factors associated with hydrogen bonding between proteins and charged ligands (either anionic, cationic or zwitterionic), and on the basis of these factors, proposed a general mechanism by which uncompensated charges on these ligands are stabilized (ref. 12). Interestingly, hydrogen bonding with uncompensated, negatively charged groups (e.g., phosphate, sulfate, etc.) also utilizes primarily NH moieties of proteins. However, the NH groups used in hydrogen bonding sugars almost always come from side chain residues (see above), but the NH groups used in hydrogen bonding uncompensated charged ligands come principally from backbone peptide units, which are not necessarily located at the N-termini of helices. These backbone peptide units have also been implicated to play a major factor in stabilizing charges on uncompensated, sequestered charged groups (ref. 12). We have also noted that hydroxyl groups of serine and threonine residues are frequently hydrogen-bonded to charged groups, especially to negative groups such as phosphates, sulfates, etc. (ref.
12).
A good example of the importance of hydrogen bonds, and the pattern of involvement of the various groups of DNA in hydrogen bonding is seen in the well-refined 2 A structure of a complex of DNase with a nicked DNA octanucleotide (ref. 31). In this complex, there are fourteen hydrogen bonds and, surprisingly, only one saltlink and one stacking interaction. Of the fourteen hydrogen bonds, four are with four bases, six with five phosphate groups, and four with three deoxyribose groups. The groups forming hydrogen bonds with phosphates include three backbone peptide NH groups, two side chain hydroxyls, and one NH of an Asn side chain, none of these protein groups are close to the N-termini of helices.
The 3 A crystal structure of the complex between Eco RI endonuclease and the cognate oligonucleotide provides a detailed example of the molecular basis of sequence-specific DNA-protein interactions (ref. 32 ). This complex, unlike in the DNase-oligonucleotide complex, shows more hydrogen bonding between side chain residues and bases -at least 12 hydrogen bonds, of which many are bidentates. There are also a number of hydrogen bonds with the backbone. Note that the DNase and Eco RI do not have the same structural motif, yet there is similarity in the mode of interaction of these proteins with the DNA backbones. The pattern of interactions in the DNase-DNA complex -dominated by hydrogen bonding with the ribose-phosphate polynucleotide backbone -might very well be a good example of non-specific interactions.
In light of this brief consideration, one might ask: "Is it possible that the primordial DNA-protein interaction is mediated primarily through hydrogen bonds between the bi-functional, dipolar peptide backbone groups and the base, phosphate, and ribose groups of DNA? Could the DNA-binding protein have been as simple as a polymer of glycine residues or a copolymer of simpler amino acids capable of only forming hydrogen bonds and van der Wads contacts with DNA?" 2 and 4) and local conformational change in conferring substrate specificity. Notwithstanding these recent developments, the knowledge that has accrued and discussed in this and two previous reviews (refs. 1, 2) provides a solid base for the analysis of other protein-saccharide complexes (for example, the influenza virus hemagglutinin complexed with its receptor sialic acid (ref. 34) ).
EPILOGUE
